Melanoma progression is associated with increased invasion and, often, decreased levels of microphthalmia-associated transcription factor (MITF). Accordingly, downregulation of MITF induces invasion in melanoma cells; however, little is known about the underlying mechanisms. Here, we report for the first time that depletion of MITF results in elevation of intracellular GTP levels and increased amounts of active (GTP-bound) RAC1, RHO-A and RHO-C. Concomitantly, MITF-depleted cells display larger number of invadopodia and increased invasion. We further demonstrate that the gene for guanosine monophosphate reductase (GMPR) is a direct MITF target, and that the partial repression of GMPR accounts mostly for the above phenotypes in MITF-depleted cells. Reciprocally, transactivation of GMPR is required for MITF-dependent suppression of melanoma cell invasion, tumorigenicity and lung colonization. Moreover, loss of GMPR accompanies downregulation of MITF in vemurafenib-resistant BRAF V600E -melanoma cells and underlies the increased invasion in these cells. Our data uncover novel mechanisms linking MITF-dependent inhibition of invasion to suppression of guanylate metabolism.
INTRODUCTION
Metastatic melanoma is one of the most aggressive forms of human cancers 1 and the only malignancy with a steadily increasing incidence over the past 50 years. 2 Acquisition of invasion is an important prerequisite of metastasis and is considered a critical event associated with poor prognosis in melanoma patients. 3 Tumor cell invasion is a complex process that, among other steps, involves formation of invadopodia, which are subcellular actin-rich structures that recruit proteases and protrude into the extracellular matrix. 4 In melanoma cells, the ability to form invadopodia and invade through the extracellular matrix largely depends on the activity of several members of the RHO-GTPase family of small (~21 kDa) guanine nucleotide-binding proteins (G-proteins), 5 of which RAC1 has the most prominent role. 6 Consistently, an activating RAC1 P29S mutation was identified as the third most frequent in a cohort of sun-exposed melanomas. 7 Our recent studies have established that in tumor cells, including melanoma, invasion is regulated by several enzymes involved in the guanylate metabolism pathway. 8, 9 This regulation occurs through modulation of intracellular GTP pools, which affects the activity of several members of RHO-GTPase family. [9] [10] [11] Furthermore, the importance of GTP biosynthesis enzymes in regulation of tumor cell invasion has been recently confirmed in a separate study. 12 Notably, the mRNA levels of the gene encoding one of the guanylate metabolism enzymes, guanosine monophosphate reductase (GMPR), are downregulated in metastatic melanoma cell lines and metastatic melanoma patients in comparison to normal human melanocytes (NHMs) and primary tumors, respectively. 9 However, transcription factor(s) regulating GMPR expression are unknown.
Melanoma progression, like many other cancers, is accompanied by loss of differentiation programs and increase in cell plasticity including invasion, which also correlates with decreased levels of microphthalmia-associated transcription factor (MITF). 13, 14 MITF belongs to the basic helix-loop-helix (bHLH)-Zip protein family and is composed of at least 10 isoforms. 15, 16 Expression of the M-isoform is restricted to cells of melanocytic lineage where it has a critical role in terminal differentiation. 15, 16 MITF has been characterized as both a melanoma oncogene 17, 18 and an invasion suppressor; 13, [19] [20] [21] [22] these seemingly contradictory reports on the role of MITF in melanoma progression have been reconciled with the proposal of a 'rheostat model'. In this model, high levels of MITF inhibit proliferation and induce terminal differentiation, moderate levels correspond to rapidly proliferating cells but with limited invasive potential, and low levels of MITF correspond to slowly proliferating but highly invasive cells. 20, 23 Accordingly, MITF has been shown to suppress melanoma cell invasion in cultured cells 20, 22 and the growth of melanoma xenografts in immunocompromised mice, 13 which may occur due to impaired invasion. 24 Intriguingly, several recent papers revealed that during in vitro or in vivo selection for resistance to the BRAF V600E inhibitor vemurafenib, which is widely used in clinical settings, 25, 26 melanoma cells often downregulate MITF expression and acquire increased invasion. [27] [28] [29] [30] [31] Yet, the molecular mechanisms underlying invasion-suppressing functions of MITF in naïve and vemurafenib-resistant cells are not well-understood. 23 In answer to these questions, in the current manuscript, we investigated the role of GMPR transcriptional regulation and GMPR downstream processes in the MITF-dependent control of melanoma cell invasion.
RESULTS
MITF directly regulates GMPR expression GMPR mRNA and protein levels are downregulated in melanoma cells and patient samples; 9 however, GMPR transcriptional regulators are unknown. Based on the available information about transcription factors controlling melanoma cell invasion, we hypothesized that GMPR expression is regulated by MITF. To test this hypothesis, we utilized SK-Mel-28 and 501Mel metastatic melanoma cells since MITF-dependent suppression of invasion has been previously reported in these cells. 20, 22, 32 In both cell lines, small hairpin RNA (shRNA)-mediated depletion of MITF downregulated GMPR mRNA and protein levels as was evidenced by quantitative reverse transcription-PCR and immunoblotting, respectively (Figure 1a ). In a reciprocal experiment, ectopic expression of MITF cDNA in SK-Mel-28 and primary tumorderived A375 cells led to an increase in GMPR at mRNA and protein levels ( Figure 1b . 501Mel cells could not be used due to the already high endogenous levels of MITF). A similar MITF-dependent pattern of GMPR expression was detected in NHMs ( Supplementary Figure 1) .
Analysis of the GMPR regulatory regions 10 kb upstream and 1 kb downstream of the transcription start site identified several putative MITF-binding sites consisting of E-boxes (CAYRTG) and M-boxes (TCAYRTG or CAYRTGA) 32 (Figure 1c ). Alignment of human and mouse GMPR promoters revealed substantial homology in the region most proximal to the transcription starting site, containing three closely spaced MITF potential binding sites one of which (box #7) was perfectly conserved (Supplementary Figure 2A ).
To test for MITF direct binding to the GMPR proximal regulatory region, we performed chromatin immunoprecipitation assay in SK-Mel-28 cells ectopically expressing MITF using a commercially available MITF antibody or IgG as control (see the Materials and Methods section for details). Following chromatin immunoprecipitation, the precipitated DNA was probed in quantitative PCR with primers specific to the proximal region ( Figure 1c ). In parallel, the precipitated DNA was probed with primers to a distal, nonconserved, putative binding site (box 4). Following normalization of PCR signals, a significant enrichment (15.8-fold) was detected with the primers corresponding to the proximal region in the DNA precipitated with MITF-specific versus IgG antibodies (Figure 1d ), whereas no enrichment was detected using primers to the GMPR distal promoter region.
These findings were further validated in more physiological settings by performing chromatin immunoprecipitation in wild-type SK-Mel-28 cells expressing only endogenous levels of MITF. A lower but still statistically significant enrichment was identified of the proximal but not distal regions of the GMPR promoter ( Figure 1d ).
To further assess the importance of these E/M-boxes for MITF binding to the GMPR promoter, we cloned the~250 bp proximal regulatory region of the GMPR promoter into the pGL3 promoter luciferase reporter system. In addition, we mutated the putative MITF-binding region to assess its functionality (Supplementary Figure 2B ). HEK293T cells were transiently transfected with either the empty vector (pGL3) or the vector containing the wild-type sequence or the mutant for the GMPR promoter region of interest, in combination with no or increasing amounts of the MITF expression vector and with pRLSV40 plasmid expressing the Renilla luciferase gene. Forty-eight hours later, firefly luciferase and Renilla signals were detected via Dual-Luciferase Assay Kit (Promega) and firefly luciferase signals were normalized by corresponding Renilla signals. As shown in Figure 1e , the WT-GMPR construct displayed increasing amounts of luciferase activity proportionally to the amounts of MITF supplied, indicating that MITF does indeed bind to this region in the GMPR promoter. Mutation of the putative binding site abrogated such response ( Figure 1e ).
To evaluate whether GMPR expression correlates with MITF levels in human specimens, we performed MITF immunohistochemistry (IHC) staining of primary and distant-organ metastatic melanoma specimens, using the same tissue sections that we had previously used to assess GMPR expression levels. 9 We found that MITF expression was significantly decreased during melanoma progression (Figure 2a ) in agreement with previous reports 20, 33 and similar to our previous findings of GMPR expression pattern. 9 To further examine the pattern of expression of MITF and GMPR within the same specimens, we classified their IHC indices of 3 and below as 'low' and 4 and above as 'high'. A proportion test was used to determine if there was significant concordance between MITF and GMPR expression among the primary thin and thick, and the metastatic samples. We found a significant concordance in all three disease stages (thin P = 0.033, thick P = 0.035, metastatic P = 2.211e-05; Figure 2b and Supplementary Figure 3 ).
Taken together, our data demonstrate that GMPR is a bona fide MITF target gene in cultured melanocytic cells and human melanoma specimens.
MITF depletion increases melanoma cell invasion and intracellular GTP pools
To investigate the mechanisms underlying increased invasion in response to MITF downregulation, we first sought to recapitulate this phenotype in cells where it has been originally reported (SK-Mel-28, 501Mel). To this end, the MITF-depleted melanoma cells described in Figure 1a were tested for invasion through Matrigel in a Boyden chamber assay. In agreement with previous studies, 20, 22 we detected a~3-to 6-fold increase in invasion of MITF-depleted cells over control cells (Figures 3a and b ) concomitant with a slight decrease in proliferation rate (also in agreement with published data 18 ) as determined by cell counting (data not shown).
To establish the role of guanylate metabolism in MITF invasionsuppressing activity, we quantified GTP levels in SK-Mel-28 and 501Mel cells depleted of MITF. Depletion of MITF led to a modest (6-9%) but reproducible and statistically significant increase in GTP levels ( Figure 3c ). Similar increase was detected in SK-Mel-28 cells depleted of GMPR approximately to the same levels as those achieved via MITF depletion ( Supplementary Figure 4 ), or detected previously in GMPR-depleted NHM. 9 Importantly, overexpression of GMPR in MITF-depleted cells reduced the GTP levels to those in control cells (Figures 3d and e ).
MITF depletion increases RHO-GTPases activity and extracellular matrix degradation GMPR downregulates invasion of melanoma cells by decreasing the intracellular amounts of GTP and inhibiting the activity of several small GTPases, among which, RAC1 is the most affected. 9 RAC1 has been also shown to have an important role in melanoma cells invasion. 9, 34 Based on these observations, we hypothesized that inhibition of RAC1 activity has a major role in MITF-dependent suppression of invasion.
To test this hypothesis, we assessed RAC1 activity through a GTP pull-down assay 9 in control and MITF-depleted SK-Mel-28 and 501Mel cells. MITF depletion resulted in a~3-fold increase in the amounts of GTP-bound (active) RAC1 in MITF-depleted versus control cells ( Figure 4a ). We have previously shown that GMPR manipulations could also affect the activation status of RHO-A and RHO-C, although to a lesser extent than RAC1. 9 Consistently, MITF depletion increased the proportion of active RHO-A and RHO-C as well ( Figure 4b ).
It has been previously shown that RHO-A-activated kinase inhibition can blunt the increased invasiveness of MITF-depleted cells. 20 To test whether RAC1 activation is important for the increased invasion of MITF-depleted SK-Mel-28 cells, we utilized a well-characterized inhibitor of RAC1, NSC23766. Through titration, we identified a concentration of 25 μM at which NSC23766 did not affect invasion in control cells, but decreased invasion in MITFdepleted cells (Figure 4c ), suggesting a leading role of RAC1 activation in the increased invasion of these cells.
The activity of RAC1 has been linked to the ability of melanoma cells to form invadopodia and degrade extracellular matrix. 34, 35 Therefore, we tested control and MITF-depleted SK-Mel-28 cells in the gelatin degradation assay. At the same time, cells were stained with phalloidin to visualize active invadopodia (actin puncta Figure 1 . MITF controls GMPR expression. (a) SK-Mel-28 and 501Mel cells were transduced with a control shRNA (pLKO) or two different shRNAs to MITF (shMITF#1, #2) followed by reverse transcription quantitative PCR (RT-QPCR) (left panels) or immunoblotting with the indicated antibodies (right panels). (b) SK-Mel-28 and A375 cells were transduced with an empty vector (pLVp) or an overexpression vector encoding for MITF (MITF) followed by RT-QPCR analysis, (left panels) or immunoblotting with the indicated antibodies (right panels). The data represent the average ± s.e.m. of at least two independent experiments performed in triplicates. *P o0.05, **P o0.001 by Student's t-test. (c) Schematic of the human GMPR promoter up to 10 kb from the transcription starting site (TSS). Indicated are the E-box and M-box consensus sequences identified within, as well as the regions analyzed in chromatin immunoprecipitation (ChIP) analysis. (d) SK-Mel-28 cells overexpressing or not MITF were used for ChIP experiments with control (IgG) or a MITF-specific (MITF) antibodies. The resulting materials were probed by Q-PCR with primers specific for the most proximal region in the GMPR promoter (boxes 6-8) or a distal region (box 4) as indicated in c. All PCR signals were normalized by the corresponding PCR signals obtained in reactions with DNA precipitated with IgG antibodies. (e) The 250 -bp region containing the three most proximal putative MITF-binding sites was cloned into the pGL3 promoter luciferase reporter system. Box 7 was mutated (see Supplementary Material) and the wild-type and mutant constructs were transduced into HEK293T cells along with the MITF expression vector and the pRLSV40 plasmid expressing the Renilla luciferase gene. Luciferase activity was measured 48 h post-transefection. The data represent the average ± s.e.m. of at least two independent experiments performed in triplicates. *Po 0.05, **Po0.001 compared with control; # P o0.5, ## Po 0.001 compared with GMPR at equivalent doses of MITF; statistic performed by Student's t-test. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
matching with areas of gelatin degradation) as previously described. 9 MITF depletion resulted in a greater number of cells with degradation and increased number of active invadopodia per cell compared with control cells (Supplementary Figure 5A ).
In summary, our data demonstrate that downregulation of MITF induces melanoma cell invasion in large part via inhibition of GMPR-dependent suppression of RAC1 activity, formation of invadopodia and matrix degradation.
GMPR downregulation underlies increased invasion in vemurafenib-resistant cells
Several reports have demonstrated that melanoma cells selected for resistance to BRAF V600E inhibitors, including the clinically utilized small-molecule vemurafenib, acquire increased invasion compared with parental counterparts. 27, 36, 37 This increase in invasion has been attributed to the loss of MITF. [27] [28] [29] Therefore, we hypothesized that the invasive phenotype of vemurafenibresistant melanoma cells depends on downregulation of GMPR. To test this hypothesis, we first determined whether inhibition of BRAF V600E signaling by vemurafenib affects the levels of GMPR as it has been shown for MITF. 27 Indeed, treatment of SK-Mel-28, Colo-679, and WM793 human melanoma cells with vemurafenib (PLX4032) induced MITF and GMPR levels ( Figure 5a ).
Next, we selected SK-Mel-28, Colo-679 and A375 cells for resistance to 10 μM vemurafenib for over 6 months as previously described 27 (see the Materials and Methods and Supplementary Figure 6 ). In line with this report, 27 we observed either maintenance (A375) or loss (SK-Mel-28, Colo-679) of MITF endogenous levels in resistant cells when compared with parental cells (Figure 5b ). Notably, cells with decreased MITF levels also displayed concomitant loss of GMPR and increased invasion ( Figure 5b and c), whereas A375 cells, which displayed no changes in MITF levels, retained GMPR ( Figure 5b ) and did not display any changes in invasion ( Figure 5c ).
To investigate whether the loss of GMPR was responsible for the increased invasion in resistant cells, we restored GMPR levels in SK-Mel-28R and Colo-679R approximately to the levels detected in parental cell lines ( Figure 5b ) followed by an invasion assay ( Figure 5c ). Restoration of GMPR levels did not affect MITF levels but did decrease invasion in vemurafenib-resistant cells, close to the levels detected in parental cells (Figures 5b and c) . Collectively, our data strongly suggest that increased invasion in vemurafenibresistant cells depends on suppression of the MITF-GMPR axis.
Ectopic expression of MITF suppresses RHO-GTPase activation and invadopodia formation Data presented above argue that MITF depletion leads to increase in invasion due to downregulation of GMPR. On the other hand, MITF overexpression has been shown to suppress invasion and tumorigenicity in melanoma cells. 20, 22, 38 Therefore, we were intrigued by the possibility that this phenomenon could be explained as well through MITF-mediated regulation of GMPR ( Figure 1 ) and GMPR-dependent pathways.
Ectopic expression of MITF in SK-Mel-28 and A375 cells led to upregulation of GMPR and a~50% decrease in invasion compared with the cells carrying empty vector control, which was reverted by guanosine supplementation (Figure 6a ). Nucleotide quantification by high-performance liquid chromatography showed that MITF overexpression reduced GTP by 19% and 9% (in SK-Mel-28 and A375, respectively), whereas supplementation with guanosine fully abrogated this effect. Moreover, overexpression of MITF suppressed activation of RAC1, RHO-A and RHO-C, as determined by GTPase pull-down assay (Figures 6c and d) . Finally, gelatin degradation and invadopodia formation were decreased in cells overexpressing MITF (Supplementary Figure 5B) .
GMPR is critical for MITF-dependent suppression of melanoma cell invasion, tumorigenicity and lung colonization
To further test whether MITF suppression of invasion depends on its ability to upregulate GMPR, we infected human SK-Mel-28 and A375, and murine B16-F10 melanoma cells with control or GMPR shRNAs, 9 followed by super-infection with MITF cDNA or empty vector (pLVp; Figure 7a ). Of note, the shRNAs designed toward human GMPR inhibited also the mouse Gmpr. In cells from all cell lines, MITF overexpression suppressed invasion of melanoma cells by~2-fold (Figure 7b ), whereas partial depletion of GMPR, carried out to compensate for GMPR induction by MITF, efficiently blunted the ability of MITF to reduce invasion (Figure 7b ). We were unable to manipulate the GMPR shRNAs viral titers in such ways as to achieve reduction of GMPR levels exactly to the ones detected in control cells. As a result, we obtained a slightly stronger GMPR repression (Figure 7a) , which led to a more pronounced invasion in these cells compared with control cells.
We have previously demonstrated that the invasion of GMPRdepleted SK-Mel-28 melanoma cells has a critical role in their ability to efficiently form xenograft tumors in immunocompromised mice. 9 In the same paper, we demonstrated that GMPR suppresses invasion of melanoma xenografts at the tumor margin in such mice. Previously, invasion as a mean of release of spatial constraints has been demonstrated to increase xenograft volume. 24 To test whether suppression of xenograft growth by MITF depends on its ability to upregulate GMPR, we inoculated subcutaneously in both flanks of scid/scid (SCID) mice the SK-Mel-28 and A375 cell populations overexpressing MITF and depleted of GMPR as described above. Once tumors became palpable, their size was recorded every 5 days (SK-Mel-28) or 2 days (A375). In both cell lines, overexpression of MITF caused a significant retardation in tumor growth ( Figure 7c ). Reduction of GMPR levels in melanoma cells overexpressing MITF (Figure 7a ) increased the growth of MITF-overexpressing xenografts (Figure 7c ), strongly suggesting a functional role of GMPR in MITF-dependent suppression of melanoma cell xenograft growth in vivo.
To assess the role of GMPR in MITF-dependent control of melanoma cell experimental metastasis, B16-F10 cells described above were injected intravenously in syngeneic wild-type C57Bl/6 mice. Animals were killed 12 days post injection and the number of pulmonary nodules for each cohort was recorded. MITF-expressing melanoma cells demonstrated lower lung colonization potential than control cells, whereas depletion of GMPR in MITF-overexpressing cells fully compensated for such decrease (Figure 7d and Supplementary Figure 7) suggesting a pivotal role of GMPR in MITF-dependent suppression of melanoma cell tumorigenicity and experimental metastasis.
DISCUSSION
In the course of melanomagenesis, increase in invasion is often accompanied by suppression of differentiation programs. 39 These phenotypes are oppositely controlled by the master regulator of melanocyte development MITF, 14 ,21 which appears to have a dualistic role in melanoma progression. 18, 20, 40, 41 MITF has been reported to have oncogenic properties, and its amplification has been detected in~15% of advanced human melanoma specimens carrying the common BRAF V600E mutation. 40 Accordingly, MITF has been proposed to contribute to melanoma cell survival through upregulation of the anti-apoptotic gene BCL2. 17 On the contrary, other groups reported that BRAF V600E suppresses MITF expression, 18 and MITF has also been shown to suppress invasion in cells from several melanoma lines. [20] [21] [22] [23] Finally, published and our own data demonstrate that MITF expression decreases during melanoma progression (Figure 2a and refs 20,33) .
Recently, to encompass these multiple and often contradictory reports on MITF activity, a 'rheostat' model of MITF functioning has been proposed. According to this model, high MITF levels inhibit proliferation and induce differentiation of melanoma cells; moderate levels of MITF promote proliferation; low MITF levels cause slowly proliferation/high invasion phenotypes. 14, 20 The mechanisms underlying MITF invasion-suppressing activity have been addressed in detail only in a few studies. Thus, it has been shown that MITF interferes with production of MT1-MMP 19 or transcriptional activation of miR222/221, 42 a microRNA that is capable of invasion initiation in melanoma cells. 43 In addition, two papers reported different pathways through which MITF suppresses the activity of Rho-associated coiled-coil containing protein kinase 1, 19, 20 an important regulator of tumor cell invasion 44 acting downstream of small GTPase RHO-A. Our recent report on the ability of GMPR to suppress activity of several RHO-GTPases, including RHO-A, 9 in combination with the current data suggest that upregulation of GMPR could account at least in part for the effects described in the above studies. Interestingly, in the same study, we discovered that the activity of RAC1 was affected by GMPR-dependent changes in GTP to the highest extent among members of RHO-GTPase family. 9 Our findings are in agreement with previous reports establishing the pivotal role of RAC1 in melanoma progression, including a recent paper that identified an activating mutation in RAC1 (RAC1 P29S ) as the third most frequent in a cohort of sun-exposed melanomas. 6, 7 Due to the above reasons, in the current paper we focused on the possible connection between MITF and RAC1. We demonstrated that MITF suppresses activity of RAC1 and RAC1dependent processes (Figures 4a and 6c ) and that suppression of RAC1 activity blunts the increased invasiveness imparted by MITF depletion (Figure 4c ). These data provide for the first time a functional link between these two major regulators of melanoma cell invasion. However, as MITF manipulations affect the activation of RHO-A and RHO-C as well (Figure 4b and 6d ), it is possible that activities of other G-proteins (not limited to those of the RHO-GTPase family) as well as other MITF-dependent phenotypes are modulated by changes in intracellular GTP pools induced by MITF. These intriguing possibilities will be tested in future studies.
The important role of several de novo guanylate metabolism enzymes, including GMPR and its functional antagonists IMPDH2 and GMPS in regulation of RHO-GTPases activity and/or tumor cell invasion has been described by us and others. [8] [9] [10] [11] [12] 45 The current paper demonstrates that transactivation of GMPR mediates the ability of MITF to suppress invasion, tumorigenicity and metastasis in melanoma cells, thus connecting this important transcription factor with regulation of guanylate metabolism (Figures 7c, d and  8 ). On the contrary, regulation of GMPR does not account for all phenotypes induced by MITF. For instance, overexpression of MITF in melanoma cells suppresses invasion (Figures 6a and 7b) 20, 22 and slightly decreases proliferation rate (data not shown), 20, 22, 32 whereas ectopic expression of GMPR, while substantially affecting melanoma cell invasion, does not alter proliferation. 9 Accordingly, GMPR suppresses tumorigenicity of several melanoma cell lines including SK-Mel-28 through inhibition of invasion; 9 instead, MITF suppresses tumorigenicity in melanoma cells presumably by downregulating both invasion and proliferation. 13, 20, 22, 32 In light of these considerations, we were surprised to detect that both GMPR shRNAs in melanoma cells overexpressing MITF overcame MITF-induced suppression of tumor growth, and increased tumorigenicity in these cells to the levels of or even above those in control cells (Figure 7c ). The observed effects are most likely due to the fact that shRNA-mediated depletion of GMPR overcompensated the increase in GMPR induced by MITF (Figure 7a ). As a result, GMPR levels in these cells were lower than those in control cells (Figure 7a ), resulting in higher invasion (Figure 7b ) and subsequently higher tumorigenicity (Figure 7c ) compared with control cells, similar to what we previously demonstrated with direct GMPR suppression. 9 In the study by Wawrzyniak et al., we showed that the increased invasion of GMPR-depleted melanoma cells was crucial for their ability to efficiently form xenograft tumors in mice, whereas the same cells demonstrated no advantage in anchorage-independent growth in semi-solid agar. 9 Moreover, in the same paper, we demonstrated that GMPR suppressed invasion at tumor edge of melanoma xenografts in mice.
It is also conceivable that, in the course of tumor growth, cells overexpressing exogenous MITF adjusted its amounts to the levels promoting proliferation (see above for the description of the 'rheostat model'). In this situation, tumors with higher invasion (due to GMPR levels lower than in control) and in addition expressing optimal levels of MITF may outgrow the control tumors. Similarly, B16-F10 cells ectopically expressing MITF fail to efficiently colonize the mouse lungs, and GMPR depletion is Figure 6 . MITF overexpression suppresses RHO-GTPases activation and invasion. (a) SK-Mel-28 and A375 human melanoma cells were transduced with an empty vector or an overexpression vector encoding for MITF and probed in invasion assay; cells were supplemented or not with 100 μM guanosine for 24 h before and throughout the invasion assay. (b) Cells as in a were collected as described in the Materials and methods and collected for nucleotides quantification by high-performance liquid chromatography. (c) Cells as in a were collected as described in the Materials and methods and tested in the GTPase pull-down assay followed by immunoblotting with RAC1 antibodies (representative images and quantification of at least two independent experiments are shown). (d) SK-Mel-28 cells as in a were collected as described in the Materials and methods and tested in the GTPase pull-down assay followed by immunoblotting with RHO-A and RHO-C antibodies (representative images and quantification of at least two independent experiments are shown). The data represent the average ± s.e.m. of at least two independent experiments performed in duplicates *Po0.05; **Po0.001 compared with control; # P o0.05 compared with MITF-overexpressing control. Statistics performed by Student's t-test. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
sufficient to fully revert the phenotype (Figure 7d ), directly supporting a major role of GMPR in MITF-dependent suppression of metastasis.
Data reported by us 9 and others [10] [11] [12] together with the current work strongly argue that even moderate changes in intracellular GTP pools have major phenotypic consequences. On the other hand, physiological variations in intracellular GTP pools have not been considered as a factor regulating RHO-GTPase activity because GTP levels in the cell were determined to be much higher than those required for saturation of these GTPases (0.5-2 mM vs 5-20 μM). 46 However, currently measurements of GTP pools are always performed in total cell extracts, which precludes Figure 7 . GMPR induction is critical for suppression of invasion and tumorigencicity by MITF. (a) Human SK-Mel-28 and A375, and murine B16-F10 melanoma cells were transduced with an empty vector (pLVp) or an overexpression vector encoding for MITF (MITF) and super-infected with an control shRNA (CL) or two different shRNAs to GMPR (G1 and G2). Of note, the shRNAs designed toward human GMPR inhibited also the mouse Gmpr. Cells were probed in immunoblotting with the indicated antibodies and the bands intensities were quantified using the ImageQuant software. The intensity of the GMPR band was divided by the intensity of the corresponding glyceraldehyde 3-phosphate dehydrogenase (GAPDH) band for each sample. The GMPR/GAPDH ratio of pLVP+CL was then set as 1 and used to normalize according to all other ratios. (b) Cells as in a were probed in invasion assay. The data represents the average ± s.e.m. of at least two independent experiments performed in duplicates. *Po 0.05; **P o0.001 compared with control; # P o0.05; ## P o0.001 compared with MITF-overexpressing control. (c) SK-Mel-28 and A375 cells as in a were inoculated into both flanks of SCID mice (6 inoculation sites/ sample). Tumor appearance was recorded when it reached at least 2 mm in one dimension and thereafter tumor xenografts were measured every other day. The data represent the average ± s.e.m. of the tumor size within each cohort. ***P o0.0001 compared with controls. (d) B16-F10 cells as in a were injected intravenously into syngeneic wild-type C57Bl/6 mice, 4 mice per condition. Mice were killed 12 days post injection and the pulmonary nodules were counted. *P o0.05 compared with control; # P o0.05 compared with MITF-overexpressing control. Statistics performed by Student's t-test.
detection of potential localized changes in GTP levels. In fact, it is plausible that GTP could be differentially distributed in various regions of the cell (as it has been already established for ATP 47, 48 ), reaching concentrations comparable to the GTPase Kd for GTP. Unfortunately, the lack of instruments for monitoring intracellular GTP levels is the limiting factor to test this hypothesis.
Survival of melanoma patients bearing mutant BRAF V600E allele has been significantly improved by the introduction of the small-molecule inhibitor of BRAF V600E vemurafenib; 25, 26 yet, onlỹ 50% of patients demonstrate sufficient response to initial treatment, and almost all of them later develop progressive disease. It has been recently shown that acquisition of resistance to vemurafenib occurs, at least in part, through suppression of MITF. [27] [28] [29] Accordingly, vemurafenib-resistant cells often possess a higher invasive potential compared with parental counterparts, 27, 36, 37 a feature which may contribute to the enhanced growth of vemurafenib-resistant tumors. Our data argue that inhibition of the MITF-GMPR axis has a pivotal role in the increased invasion of vemurafenib-resistant cells. In light of these findings, it would be crucial in the future to investigate whether GMPR levels are altered in melanoma specimens from patients who failed BRAF inhibitor therapy, and whether there is any correlation between GMPR levels and development of new metastases on therapy.
Importantly, we have recently revealed that inhibition of GMP synthase (GMPS, a functional antagonist of GMPR) by the fungusderived antibiotic angustmycin A reduces the invasive capability of melanoma cells in vitro and tumorigenicity in vivo. 8 It is therefore imaginable that suppression of melanoma cell invasion would enhance therapeutic potential of vemurafenib. Further investigations will be required to evaluate a combinatorial approach, in which guanylate-suppressing agents are paired with existing therapy to improve treatment outcome and overcome drug resistance in melanoma.
MATERIALS AND METHODS

Cell lines
Populations of NHMs were purchased from Invitrogen (Carlsbad, CA, USA) and maintained in Medium 254 (Invitrogen) supplemented with Human Melanocyte Growth Supplement (Invitrogen). SK-Mel-28 human melanoma cell lines were obtained from Memorial Sloan Kettering Cancer Center. 501Mel human melanoma cell lines were a kind gift of Dr Steven Rosenberg (Surgery Branch, National Cancer Institute, Bethesda, MD, USA). Human A375 and Colo -679, and murine B16-F10 melanoma cell lines were obtained from American Type Culture Collection (Manassas, VA, USA). All cells were maintained in Dulbecco's modified Eagle's medium (except for Colo-679 cells which were maintained in RPMI) supplemented with 10% fetal calf serum, 2 mM glutamine and penicillin-streptomycin antibiotics. Cells were kept at 37°C under an atmosphere of 5% carbon. To generate vemurafenib-resistant sublines (SK-Mel-28R, Colo-679R and A375R), parental cell lines were cultured in the presence of increasing concentrations of vemurafenib (from 1 to 10 μM) for over 6 months, followed by isolation and subsequent amplification of populations resistant to 10 μM vemurafenib. During this time period, media and vemurafenib were replenished every 3 days. Resistant cells were maintained in media containing 10 μM vemurafenib. Cell lines have been recently authenticated and verified for being mycoplasma free using MycoAlert mycoplasma detection Kit purchased from Lonza (Allendale, NJ, USA, Cat # LT07-318).
Antibodies and other reagents
The following antibodies were used: mouse monoclonal to MITF (clone D5, Cat# M3621, Dako, Carpinteria, CA, USA); mouse monoclonal to glyceraldehyde 3-phosphate dehydrogenase (Cat. # AM4300, Ambion, Austin, TX, USA); rabbit polyclonal to GMPR (Cat # SAB1101144 Sigma-Aldrich, St Louis, MO, USA); rabbit polyclonal to RAC1 (Cell Signaling, Beverly, MA, USA, Cat# 2465); rabbit monoclonal to RHO-A (Cell Signaling, Cat# 2117) and rabbit monoclonal to RHO-C (Cell Signaling, Cat# 3430). The RAC1 inhibitor NSC23766 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Immunoblotting
Whole-cell extracts were prepared and analyzed as previously described. 9 Where indicated, bands were quantified using ImageQuant software (GE Healthcare Life Sciences, Pittsburgh, PA, USA).
Immunohistochemistry
Formalin-fixed and paraffin-embedded human melanocytic cells, cutaneous and metastatic melanoma tissues were processed at the Pathology Core Facility (Roswell Park Cancer Institute). Positive and negative control slides were supplied by the Pathology Core Facility and were included with every immunochemistry run. The MITF and GMPR antibodies were visualized with the Novocastra (Newcastle, UK) PowerVision kit, followed by Fast Red (Thermo Scientific, Grand Island, NY, USA). The slides were manually counterstained with hematoxylin. Human tissue specimens were scored for intensity of staining by a board-certified pathologist as described in Wawrzyniak et al. 9 Plasmids and infection Lentiviral vectors encoding short-harpins RNA (shRNA) to MITF along with a non-silencing control vector were purchased from Sigma (shMITF #1 TRCN0000019119; shMITF #2 TRCN0000019123). shRNA constructs to GMPR were described previously. 9 The MITF ORF was PCR-amplified from SK-Mel-28 cDNA with the following primers and cloned into the pLVp lentiviral expression system. MITF_FWD (XbaI) 5′-ACACAtctagaATGCTGGAAATGCTAGAATAT-3′ MITF_REV (NheI) 5′-AGTCTgctagcCTAACAAGTGTGCTCCGTCTC-3′ The lentiviral infection protocol was described previously. 49 All infected cells were briefly selected for resistance to puromycin and used in the described assays.
Matrigel-based invasion assay
Invasion assay was performed using the BioCoat Matrigel invasion chambers (BD Bioscience, San Diego, CA, USA) according to the manufacturer's instructions. Briefly, cells were seeded at 5 × 10 4 in 500 μl of serum-free media into the upper compartment of the inserts; serum was added as a chemoattractant to the lower compartment. After 16 h incubation, the non-invaded cells and the Matrigel were gently removed with a cotton swab; the invaded cells were stained, air-dried. Cells in 5 fields/insert were counted under the microscope. Experiments were performed in duplicates and repeated at least twice. Figure 8 . Model of MITF-mediated intracellular GTP depletion and invasion suppression. MITF binds to the GMPR promoter at conserved binding sites proximal to the transcription starting site (TSS) and induces its transcription. This results in depletion of intracellular GTP levels and inhibition of the activity of small GTPases RAC1, RHO-A and RHO-C, whose function is essential for invadopodia formation and invasion. Vemurafenib prevents BRAF V600E from suppressing MITF and thus GMPR. IMPDH1/2, inositol monophosphate dehydrogenase 1/2; GMPS, guanosine monophosphate synthase.
Combined gelatin degradation assay
Coverslips were coated with warm Oregon Green 488-conjugated gelatin (Invitrogen) as described in Wawrzyniak et al. 9 Melanoma cells (7.5 × 10 4 ) were seeded on the coverslips and after 16-h incubation at 37°C they were fixed in 4% paraformaldehyde in PBS. After permeabilization in 0.05% Triton X-100 in PBS, cells were stained with rhodamine-conjugated phalloidin (Invitrogen, to visualize actin) and hoechst (Thermo Scientific, to visualize nuclei). Coverslips were mounted onto glass slides with aquamount media (Polysciences, Warrington, PA, USA). Fluorescent images were captured using a Nikon TE2000-E inverted microscope equipped with Roper CoolSnap HQ CCD camera and MetaVue software.
Quantitative real-time PCR
Total cellular RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). cDNA was prepared using cDNA reverse transcription kit (Invitrogen). Quantitative reverse transcription-PCR was performed on 7900HT Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) using Sybr GreenMaster Mix (Invitrogen) and the following primers:
PCR data were analyzed using sequence detection software 2.4 (Applied Biosystems).
Chromatin immunoprecipitation
Interactions between MITF and the GMPR promoter were assessed as previously described in Fink et al. 50 The following antibodies were used: mouse monoclonal to MITF (clone D5, Dako), and normal mouse IgG (Santa Cruz). The following primers were used for the analysis of MITF binding to the DNA: GMPR proximal promoter region (5′-CGAGGCTGC AGAAAAATGGAAG-3′), (5′-GTCCCATAGTAGTTGCTCAATGC-3′); GMPR distal promoter region (5′-AGCAATTCTTCTGCCTCAGC-3′), (5′-TGGCTAACACAGT GAAACCC -3′).
Nucleotide quantification
Cells were harvested by trypsinization, extracted with 0.4 N perchloric acid and neutralized. NTPs were separated and quantified using a strong anion exchange column (Whatman, Hillshore, OR, USA) with a gradient high-performance liquid chromatography system (Waters, Milford, MA, USA) equipped with a photodiode array detector and controlled by Millennium 2010 software (WATERS, Milford, MA, USA). Nucleotides were eluted with 0.005 M ammonium phosphate, pH 2.8, for 5 min followed by a linear gradient to 0.75 M ammonium phosphate, pH 3.7, over 60 min. Nucleotides were identified based on their ultraviolet absorbance spectrum and quantified at either 254 or 281 nm by comparison to the absorbance of a known amount of authentic standard.
GTP-bound GTPase pull-down assay
The assay was performed using the GTPases Activation Assay kit (Cell Biolabs, San Diego, CA, USA) according to the manufacturer's recommendations and as described previously. 9 Samples were resolved on polyacrylamide gels along with total lysates as control and visualized as described above.
Dual luciferase reporter assay
The GMPR promoter region containing the E/M-boxes of interest was amplified with the following primers and cloned into the pGL3 promoter plasmid (Promega, Madison, WI, USA).
Fwd_KpnI-5′-ACACAGGTACCGAACTTCCTTTGGGGTATAGC-3′ Rev_SacI-5′-AGTCTGAGCTCGCATGGTAGTTACAGATTTGT-3′ Mutations at the desired site (see Supplementary Figure 2B ) were introduced with the Q5 site-directed mutagenesis kit (NEB, Ipswich, MA, USA) according to the manufacturer's instructions. The obtained constructs were mixed with pRLSV40 plasmid expressing the Renilla luciferase gene (Promega). HEK293T cells were transfected in triplicate with the plasmid mixtures, using SuperFect reagent (Qiagen). At 48 h after transfection, firefly luciferase and Renilla signals were detected via Dual-Luciferase Assay Kit (Promega). Firefly luciferase signals were normalized by corresponding Renilla signals.
Animal studies using a subcutaneous xenograft model
All experiments involving animals were approved by the institutional Animal Care and Use Committee. SK-Mel-28 and A375 cells (5.0 × 10 6 cells/ flank and 1.0 × 10 6 cells/flank, respectively) expressing control vector or MITF, super-infected with control vector or shRNA to GMPR were inoculated subcutaneously in both flanks of 4-to 6-week-old female SCID mice (Strain: C.B-Igh-1bIcrTac-Prkdcscid/Ros, bred and maintained by the in house transgenic mouse facility at RPCI; n = 5 per group). For all cohorts, the time of the appearance of tumor ⩾ 2 mm in at least one dimension was recorded and tumors were measured thereafter every other day. Mice were killed when tumor volume reached 2 cm 3 or when a tumor became ulcerated. No animals were excluded from the study since all animals developed palpable tumors~100 mm 3 , 2-3 weeks post subcutaneous inoculation of cells. Animals were not randomized after the injections; however, the animals were coded to 'blind' the investigator until the experiment reached its end point.
In vivo experimental metastases model
All experiments involving animals were approved by the institutional Animal Care and Use Committee. 0.5 × 10 6 B16-F10 murine melanoma cells suspended in 100 μl sterile saline solution were injected intravenously into 6-to 8-week-old male syngeneic wild-type C57Bl/6 mice (RPCI in house colony; n = 4 per group). Mice were killed 12 days later, and visible metastatic nodules on the lung surface were photographed and counted. No animals were excluded from the study as no animals developed signs of morbidity before the end point of the study. Animals were not randomized after the injections; however, the animals were coded to 'blind' the investigator until the experiment reached its end point.
Viability assay
Indicated human melanoma cells were seeded at 3,000 cells/well in a 96well plate. Cells were treated for 48 h with the indicated amounts of Vemurafenib (PLX4032, LC Labs, Woburn, MA, USA) or vehicle control. Cell viability was assessed by trypan blue exclusion cell counting.
Statistical analysis
For animal studies, sample size was determined as a function of effect size ((difference in means)/(standard deviation) = 2.0) for a two-sample t-test comparison assuming a significance level of 5%, a power of 90% and a two-sided t-test. Each experiment was reproduced at least two times with consistent results. A two-tailed P valueo0.05 was considered statistically significant for all analyses. Data were analyzed using parametric statistical methods such as t-test and proportion test for one or two group comparisons or analysis of variance for several groups. Normal distribution was confirmed using normal probability plot (GraphPad Prism 6.0, Graphpad Software, Inc., San Diego, CA, USA), variance was also assessed using GraphPad Prism 6.0 both within and between groups and were approximately the same.
